We explore Tully-Fisher (TF) residuals for luminous, high-surface brightness (HSB) spirals to show that a maximal disk fit is ruled out by the statistics of the rotation speed, V 2.2 , at 2.2 exponential scale lengths. For maximal disks, a large fraction of the total rotational support should arise from their stellar mass. Therefore the size, or surface-brightness, of the disk should be a significant additional parameter in the TF relation. At a given absolute luminosity, M r , more compact disks (as measured by R exp ) should have higher rotation speeds, V 2.2 . Using a well-defined sample of late-type spirals, we find that the fractional deviations, ∆ log V 2.2 and ∆ log R exp , from the mean relations, V 2.2 (M r ) and R exp (M r ), are not significantly correlated. The case of ∂ log V 2.2 / ∂ log R exp = −0.5, expected for pure exponential disks, is clearly ruled out. We use simple models of adiabatic infall of the luminous matter to explore what values of ∂ log V 2.2 / ∂ log R exp are expected in the presence of modest bulges and a variety of dark matter halos. We find that the TF relation requires that V disk ∼ 0.5V tot , fairly insensitive to the details of the dark matter halo and the presence of a bulge. Our results are consistent with measurements of the stellar velocity dispersions in HSB spirals, the estimated mass density near the Sun, and constraints from swing amplification theory. Sub-maximal disks establish a natural continuity between HSB and LSB galaxies which appear to be completely dark matter dominated even in their inner regions.
Introduction
Over the last twenty years, a great deal of effort has been invested in trying to find a "third parameter" which reduces the scatter in the two-parameter Tully-Fisher relation (TFR) between the stellar luminosity and the rotation speed of spiral galaxies (e.g. Strauss & Willick 1996 , Courteau 1997 , and references therein). For late-type spiral galaxies, no other structural parameter (such as the size, light concentration, or mean surface brightness of the galaxy) appears to lead to a significant reduction in scatter. In short, the stellar luminosity alone seems to determine the rotation speed (which we will define more precisely below) of a spiral galaxy.
It is common to model the rotation curves of individual galaxies with multi-component mass models, usually consisting of bulge, disk and dark halo components (e.g. Broeils 1992, hereafter B92; van der Kruit 1995, hereafter vdK95) . The mass components representing the bulge and the disk are usually derived from the deprojected light-distribution, assuming a constant mass-to-light ratio, to be determined by the data. The constancy of (M/L) disk is usually justified on the basis of small color gradients (de Jong 1995) and the small changes of vertical scale heights as a function of radius in late-type spirals (van der Kruit 1988, see however de Grijs & Peletier 1997).
Dark matter halos has been traditionally modelled by an isothermal sphere with a homogeneous core. Because these multi-component fits to the rotation curve data are not unique, it appeared sensible to select the "maximum-disk", or "minimum dark matter", solution (Sancisi & van Albada 1985 , Carignan & Freeman 1985 . These maximum disk fits have been very successful, matching almost all H I and Hα rotation curve data (B92, Broeils & Courteau 1997) , reproducing the small scale features of optical rotation curves well (Freeman 1993) , and satisfying constraints on spirals arms for non-interacting galaxies (Athanassoula et al. 1987) . These fits imply that for bright, high-surface brightness spirals, the stellar disk and bulge are the dominant mass component inside two exponential scale lengths.
In this Letter we explore whether the Tully-Fisher relation, and its seemingly sole dependence on stellar luminosity, is consistent with "maximal" disks. Consider two pure disk galaxies of the same luminosity and mass-to-light ratio, but of slightly different disk scale lengths, R exp . In the absence of dark matter or bulge, their rotation curve is given (Freeman 1970) by,
where, G is the gravitational constant, R exp the disk's exponential scale length, y ≡ R/(2R exp ), and the I i (y) and K i (y) are modified Bessel functions of the first and second kind. The disk rotation curve will peak at ∼ 2.2R exp at a value of V 2.2 . For the same disk mass, the more compact disk will peak at a higher value. Dimensional analysis of Eq. 1 yields ∂ log V 2.2 / ∂ log R exp = −0.5, assuming a constant (M/L). Thus, a 20% change in disk scale-length -at a given disk massshould translate into a 10% change of V 2.2 , hence into a ∼ 30% offset in luminosity from the mean TFR. Such an offset should be easily detectable in a statistical sense, given the size and quality of TFR samples currently available.
This effect may be reduced by the presence of a dark matter halo and the presence of a bulge. Indeed, recent halo models by Navarro, Frenk and White (1996) , in which the dark matter has a density cusp, suggest that even luminous disks of high surface brightness may be quite far from maximal.
In §2 of this Letter, we determine the mean value of ∂ log V 2.2 /∂ log R exp , for a well defined sample of luminous (∼ L * ), high surface brightness galaxies. In §3, we compare this observed value to the predictions from a number of disk−halo models. This enables us to estimate what fraction of the rotation speed at R = 2.2R exp arises from the disk. In §4 we summarise the results and put them into context.
Determination of
∂ log V 2.2 / ∂ log R exp
The Galaxy Sample
Our sample is drawn from the collection of 350 Sb-Sc galaxies of Courteau (1992;  hereafter referred to as CF). These were selected from the UGC catalog using the following criteria: m B < 15.5, blue major axis diameter ≤ 4 ′ , inclination between 55 • and 75 • , unbarred, noninteracting. Specific details about galaxy selection can be found in Courteau (1992 Courteau ( , 1996 ; the photometric and spectroscopic data have been published in Courteau (1996 Courteau ( , 1997 respectively. In this Letter, we use a sub-sample of the CF catalog in a region of Quiet Hubble Flow to minimise the effects of streaming and local infall motions (Courteau et al. 1993) . Our sub-sample is restricted to rotation curves with R > 2.5R exp (so that V 2.2 is defined) and to M r < −20, retaining only the most luminous galaxies. A total of 127 galaxies were kept for final analysis. Distance-dependent quantities assume H 0 = 70 km s −1 Mpc -1 .
Fitting the Mean Parameter Relations
A galaxy's rotation speed, size, and color correlate with its absolute luminosity; these correlations are known as the Tully-Fisher relation (1977), Freeman's law (1970) , and the color-magnitude relation (Tully et al. 1982) , and are shown in Figure 1 for our sample. We want to ask how various galaxy properties correlate at a given absolute luminosity. Hence we need to fit and remove the trends of V 2.2 , R exp , and B − r with M r . These three relations were fit by the functional form fȳ ,αy (y) =ȳ + α y (M r −M r ), where y stands for logV 2.2 , logR exp , and B − r, respectively, M r is the absolute magnitude, and the upper bar denotes a median value.
To achieve a robust fit to the data [y(i), M r (i)], we variedȳ and α y to minimise the sign of the data−model deviation instead of the squared difference (see Press et al. 1992, §15.7) . 
Correlations among the Residuals
We can now define the residuals for each object i as ∆y Figure 2 shows the residuals for logV 2.2 , logR exp , and B − r are plotted against each other. From inspection of the plots, it is not obvious which range of correlation slopes ∂y 1 /∂y 2 is statistically acceptable. We devise a robust non-parametric test by rotating the set of residuals (∆y 1 (i), ∆y 2 (i)) by various angles θ to get (∆ŷ 1 (i), ∆ŷ 2 (i)) and then applying a Spearman rank test (Press et al. 1992, §14.6) for correlation between the quantities (∆ŷ 1 (i), ∆ŷ 2 (i)). The acceptable range of ∂y 1 /∂y 2 can be calculated from the range of angles θ for which the (∆ŷ 1 (i), ∆ŷ 2 (i)) are not significantly correlated. For our data set we find ∂ log V 2.2 / ∂ log R exp = −0.078 ± 0.10 (95%)
Note that these results clearly rule out the case ∂ log V 2.2 /∂ log R exp = −0.5, expected for the disk-only case.
The small value of ∂(B − r)/∂ log R exp shows that among these high-surface brightness disks, there cannot be a strong dependence of the B − r colors on disk scale length at a fixed luminosity. This is further evidence against strong internal variations of (M/L) disk . We will return to the changes (albeit small) of rotational velocity with color in §4.
We have reproduced similar results using a sample of 310 late-type spirals from the compilation of Mathewson, Ford, & Buchhorn (1992) . While these corroborate our findings, a presentation of these fits is relegated to a future paper for simplicity.
3. What values of ∂ log V 2.2 /∂ log R exp should we expect?
If the stellar disk were the only relevant mass component, we would have ∂ log V 2.2 / ∂ log R exp = −0.5. If, on the other hand, the stars are only test particles, ∂ log V 2.2 / ∂ log R exp would tend to ∂ log v halo /∂ log R, the logarithmic gradient of the halo rotation curve at 2.2 disk scale lengths. The actual situation will be bracketed by these two extremes. Below, we explore how ∂ log V 2.2 / ∂ log R exp depends on the fraction of the circular velocity at 2.2 disk scale lengths that is attributable to the stellar disk, V disk /V total .
Purely Exponential Disks and NFW Halos
We first examine a simple exponential disk embedded in dark matter halo. For the dark matter halo, we use a density profile ρ DM (r) ∝ (r/r s ) −1 [1 + (r/r s )] −2 found in the collisionless SCDM simulations of halo formation by Navarro, Frenk, & White (1996, hereafter NFW) . As the galaxy disk forms through the concentration of baryons near the center, the dark matter halo will adjust its structure in response. If this process takes long to the dynamical time scales, the halo will contract, obeying adiabatic invariance (Blumenthal et al. 1986) . Calculating this adjustment is easy in spherical geometry (e.g. Flores et al. 1993, NFW) , but requires to replace the disk configuration by the spherical density profile that has the same enclosed mass M (< r) (see Binney & Tremaine 1987, Eq. 2-170) . It is well known that this procedure leads to a somewhat incorrect rotation curve, but we are only interested in derivatives, which should be less affected. The final disk rotation curve is still computed using Eq. 1.
Using a SCDM halo profile from NFW with v 200 = 180 km s −1 , we calculated the combined disk−halo rotation curves for stellar disks of various mass-to-light ratios and R exp = 3 kpc, corresponding to a range of V disk /V total at 2.2R exp . Then we changed R exp by 5%, retaining the total disk mass and the initial halo profile, and repeated the calculation to obtain ∂ log V 2.2 / ∂ log R exp for each value of V disk /V total . Note that the spheroid is kept fixed when considering the small changes in R exp for the gradient calculation. An example of such a contraction is shown in Figure 3 . The estimated gradients are shown as the short-dashed line connecting the open circles in Figure 4 . Note that for low mass disks, V disk /V total < 0.45, the gradient ∂ log V 2.2 / ∂ log R exp becomes positive, because the halo rotation curve is rising, and an increase in R exp means that V 2.2 is measured at greater metric radii. These results are insensitive to the adopted disk scale-length; if we choose R exp = 2 kpc in the calculations the value of ∂ log V 2.2 / ∂ log R exp at a given V disk /V total increases in the mean by only 0.03.
Even considering the late-type spirals of our sample, the bulge component may not be dynamically negligible. Therefore, we repeated the above calculation including in the rotation curve calculation a spheroid with 20% of the disk mass and a scale radius of 500 pc. Such a bulge mass fraction is an upper-limit for these Sb−Sc galaxies (Broeils & Courteau 1998) . We repeated the same analysis as above with this new component in the halo contraction and rotation curve calculation. The resulting ∂ log V 2.2 / ∂ log R exp are shown as the solid line connecting the triangles in Figure 4 . It is evident that even a large bulge for these galaxies makes little difference for this calculation at 2.2R exp (see also Mo et al. 1997) .
Isothermal Halos with Cores
Finally, we explore how sensitive these results are on the particular functional form of the assumed dark matter profile. To this end, we repeated our calculations with an isothermal dark matter halo of core radius r c = R exp . The resulting dependence of ∂ log V 2.2 / ∂ log R exp on V disk /V total is shown by the long-dashed line connecting the open squares in Figure 4 . The result is again quite similar to the previous two cases. Choosing a larger core radius makes little difference for heavy disks (V disk /V total > ∼ 0.6), but leads to rotation curve shapes for very light disks that are linearly rising within ∼ 2R exp , grossly inconsistent with the observations for these luminous, high surface brightness disks (Courteau 1997) .
Discussion
A comparison of the observed value of ∂ log V 2.2 / ∂ log R exp = −0.08±0.10 (at 95% confidence) to the model calculations displayed in Figure 4 shows that the characteristic value of V disk /V total for our sample is 0.55, with a 95% upper limit of 0.66.
The dynamical interpretation of this gradient is altered only slightly if we consider the impact of dust and metallicity, or more generally stellar population effects, on disk mass-to-light ratios (Bottema 1997, hereafter B97) . Such effects may account for the small trend shown in the bottom panel of Figure 2 . B97 examined these population issues and showed that no more than 15% of V disk /V total can be attributed to dust or metallicity effects. Thus, our ratio cannot be brought closer (in a 1-σ sense) to a maximum disk value by invoking important colour effects. The relevant (M/L) ratios for the old disk also require a population correction to account for the disk light being dominated by young, massless stars whereas the mass is contributed mostly by the underlying old disk population. B97 uses such corrected (M/L)'s to show that observed TF zero-points cannot be accounted for by maximal disks (see his Fig. 5 ). In this sense, old disks provide at most 63% ± 10% of the total rotation support at a given luminosity. This agrees fully with our result although B97's somewhat higher fraction may be explained by his use of larger (and heterogeneous) V max values. These results should be viewed as independent confirmation of each other.
Sub-maximal disks are also required (at the 50-60% level) to explain observed velocity dispersions in local disks (Bottema 1993) . Quillen & Sarajedini (1997) find that this result holds for z ≈ 1 disks as well.
Taken together, there appears to be a number of measurements inconsistent with maximum disk fits to individual galaxies, which typically have V disk /V total ≥ 0.8 at 2.2R exp (Sackett 1997 , Broeils & Courteau 1997 , 1998 . Sackett (1997) reviewed information relevant to the notion of a sub-maximal disk in the Milky Way but concludes, on the basis of new Galactic structure parameters, that a dark halo probably provides little rotational support (< 15%) at V 2.2 . Sackett's maximum disk + bulge model encompasses predictions from Bahcall & Soneira (1980) but still fall short of the model by Kuijken & Gilmore (1991) which favor a sub-maximal disk with roughly equal rotation support at V 2.2 by the luminous and dark matter. These various models are however somewhat sensitive to the adopted value of the disk scalelength.
Swing amplification theory (Athanassoula et al. 1987 ) puts a constraint on the density of galactic disks in order to preserve m=2,3 modes (and inhibit m=1 modes). Mass-to-light ratios of order 1-2 (30-40% of maximum disk M/L's) are expected for disks with V disk /V total ∼ 0.5, in complete agreement with the observed spiral structure of late-type disks.
We have shown that the statistics of the TF relation require a "light-disk" solution with V disk /V tot = 0.5 for mass modelling instead of maximum disks which are not borne out by any observations. This supports Bottema's constraints from stellar velocity dispersions and TF offsets, agrees with measurements of the Galactic mass density (Kuijken 1995) , and meets spiral arm requirements. Sub-maximal disks alleviate the need for hollow cores in dark halos, there is no disk−halo conspiracy (Casertano & van Gorkom 1991) , and it establishes a natural continuity between HSB and LSB galaxies which appear to be dominated by dark matter even in their inner regions (de Blok & McGaugh 1997 , Dalcanton et al. 1997 . -Example of two rotation curves for equal luminosity disks of slightly different scale lengths. These are used to calculate ∂ log V 2.2 / ∂ log R exp . The total rotation curve (top solid lines) include contributions from a bulge, disk and halo. The halo profile is taken from NFW (with V 200 = 180 km s −1 ) and has been contracted by the presence of the disk, assuming adiabatic invariance. The thicker set of lines shows the rotation curve for a disk with R exp = 3 kpc, while the thinner lines correspond to R exp = 3.5 kpc. The thick and thin arrows indicate the radii where the velocities V 2.2 were determined to compute ∂ log V 2.2 / ∂ log R exp . Fig. 4. -Relation between the luminous and total mass at 2.2R exp , expressed as V disk /V tot against the gradient ∂ log V 2.2 / ∂ log R exp . The dots connected by lines are the result of the numerical gradient calculations described in §3.1. The solid line is computed with a NFW halo of v 200 = 200 km s −1 , a disk of R exp = 3 kpc, a bulge of R ef f = 500pc and M bulge = 0.2M disk . The disk masses range from 3 10 9 M ⊙ to 6 10 10 M ⊙ . The short-dashed line shows the same case as above but without any bulge. The long-dashed line shows the case of an isothermal halo (+ bulge and disk) with an initial core radius of R core = 3R exp . The shaded area indicates the zone of applicability of the models as constrained by our data ( §2.3). For all disk−halo models, the disk must provide on average between 0.4 and 0.7 of the rotation speed at 2.2R exp , in order to be consistent with the TF data.
